Introduction
============

Abdominal visceral adipose tissue (VAT) is considered to be one of the most dangerous fat depots in the body, as it is strongly related to cardiometabolic risk factors and insulin resistance.^[@bib1]^ Waist circumference is often considered to be the best anthropometric proxy for VAT;^[@bib2],\ [@bib3]^ however, correlations between the two are typically on the order of 0.6--0.8.^[@bib4],\ [@bib5]^ Thus, waist circumference is at best an imprecise estimate of VAT, and it is more highly correlated with total adiposity.^[@bib5]^

There is consistent evidence for a relationship between waist circumference and diabetes, cardiovascular disease and all-cause mortality.^[@bib6]^ However, to our knowledge, only two studies have examined the association between directly measured VAT and mortality in humans.^[@bib7],\ [@bib8]^ The first study, using a nested case--control design in men, demonstrated that VAT is a strong, independent predictor of all-cause mortality, after adjustment for age, subcutaneous adipose tissue (SAT) and liver fat.^[@bib7]^ The second study, using a prospective design, showed that VAT was a significant predictor of all-cause mortality in Japanese Americans, independent of age, smoking and SAT.^[@bib8]^ Thus, given the paucity of data on the association between directly measured VAT and mortality rates, the purpose of this study was to determine the association of abdominal VAT with all-cause mortality in white adults using a prospective cohort design.

Subjects and methods
====================

Sample
------

The Pennington Center Longitudinal Study (PCLS) is an on-going investigation of the effects of obesity and lifestyle factors on the development of chronic diseases and premature mortality.^[@bib9]^ The sample is composed of volunteers who have participated in a variety of clinical studies conducted at the Pennington Biomedical Research Center in Baton Rouge, Louisiana between 1995 and 2008. The current analysis included 1089 white men (*n*=492) and women (*n*=597) 18--84 years of age who had undergone a computed tomography (CT) scan of the abdomen. Not having a CT scan available was the primary exclusionary criterion for this study. Although PCLS also includes African Americans, the sample size was not sufficient for analysis. Each participant provided their written informed consent, and all PCLS procedures were approved by the Pennington Biomedical Research Center Institutional Review Board.

Baseline examination
--------------------

Height and weight were measured using a wall-mounted stadiometer and a digital scale, respectively, after the volunteer removed outer clothing, heavy pocket items and shoes. The body mass index was calculated as weight in kg/height in m^2^. Abdominal VAT and SAT areas (cm^2^) were measured using CT, as previously described.^[@bib9],\ [@bib10]^ For the measurement, participants lay in a supine position with arms overhead to obtain a cross-sectional image at the L4--L5 intervertebral space. Three different CT scanners were used for the PCLS: GE High Speed Advantage (1996--2000), GE Light-Speed Plus (2000--2007) and GE LightSpeed VCT (2007--2011; General Electric Company, Fairfield, CT, USA). The CT scanners were calibrated daily to air, and the CT images were analyzed with commercially available software (Analyze; Analyze Direct, Rochester, MN, USA). The intra-rater reliability of VAT measurement by the technician is quite good (0.25%).

Covariates
----------

Information on several covariates was collected at baseline for inclusion in the statistical models. Participant age was computed from birth and observation dates, and year of examination was included as a covariate to account for potential temporal trends in baseline measurements. Smoking status, alcohol consumption and engagement in leisure-time physical activity (from a list of six to nine common physical activities provided) were self-reported during the baseline data collection.

Ascertainment of mortality status
---------------------------------

The vital status of all participants and causes of death were determined by linkage to the National Death Index.^[@bib11]^ The primary endpoint for this analysis was death from all causes. All deaths occurring between 6 months after the baseline assessment and 31 December 2009 were included in the analysis. The average length of follow-up was 9.1 years (s.d. 3.3 years; maximum 14.0 years). The first death occurred 2.2 years after baseline.

Statistical analysis
--------------------

Cox proportional hazards regression was used to assess the association between VAT, SAT and all-cause mortality rates, adjusting for a variety of covariates as described below. We present the results of five models: Model 1 includes VAT as the primary exposure, adjusted for age, sex and exam year; Model 2 includes SAT as the primary exposure adjusted for age, sex and exam year; Model 3 includes both VAT and SAT as exposures, adjusted for age, sex and exam year; Model 4 includes both VAT and SAT as exposures, adjusted for age, sex, exam year, smoking status (never, former, current and unknown), alcohol consumption (no, yes and unknown) and leisure-time physical activity (\<4 h per week, ⩾4 h per week, unknown); Model 5 includes both VAT and SAT, and is limited to participants without a history of stroke, heart disease or cancer at baseline (*n*=1044, *n*=26 decedents), adjusted for the same covariates as Model 4. All hazards ratios (HRs) are expressed per s.d. of the exposure variable (70.1 cm^2^ for VAT and 151 cm^2^ for SAT) to facilitate comparisons. All analyses were conducted with SAS, version 9.2 (SAS Institute, Inc., Cary, NC, USA).

Results
=======

The mean age of the sample at baseline was 46.0 years (s.d. 12.5 years). The decedents were significantly older and had higher VAT than survivors ([Table 1](#tbl1){ref-type="table"}). A total of 27 deaths (5 cardiovascular disease, 9 cancer and 13 other) occurred over 9860 person-years of follow-up. The results of the five proportional hazards regression models are presented in [Table 2](#tbl2){ref-type="table"}. Abdominal VAT was a significant predictor of mortality both alone and in combination with SAT (HR=1.72; 1.20--2.47). The inclusion of additional covariates did not attenuate the relationship between VAT and mortality; however, limiting the sample to participants who were free of stroke, heart disease and cancer at baseline reduced the strength of the relationship slightly (HR=1.62; 1.07--2.47). Abdominal SAT was not a significant predictor of mortality in any of the models, either alone or in combination with VAT and other covariates.

Discussion
==========

The results of this study demonstrate an independent effect of VAT on all-cause mortality rates in a sample of white men and women. The magnitude of the association after adjustment for SAT (HR=1.72; 1.20--2.47) is similar to that obtained by Kuk *et al.*^[@bib7]^ (RR=1.93; 1.15--3.23) in men, and McNeely *et al.*^[@bib8]^ (HR=1.47 (1.14--1.89) in Japanese Americans. All three studies have demonstrated that the association between VAT and mortality is independent of several covariates. Among Japanese Americans, the association between VAT and mortality was reduced somewhat after adjustment for body mass index (RR=1.34 (0.99--1.82); however, in this study, the inclusion of body mass index as an additional covariate in Model 2 did not reduce the strength of the association (HR=1.66; 1.07--2.57). These human studies are supported by research that shows that the surgical removal of VAT in rats results in higher mean and maximum lifespan, compared with *ad libitum* fed rats.^[@bib12]^

These results support the use of VAT as a primary target for obesity-reduction strategies. Lifestyle-based interventions such as diet and physical activity have been shown to significantly reduce VAT even in the absence of weight loss.^[@bib13]^ VAT is currently not routinely measured in clinical practice, in part due to the requirement of magnetic resonance imaging or CT. However, recent technological advances may allow for the quantification of VAT using other modalities such as dual-energy X-ray absorptiometry.^[@bib14]^

The strengths of this study include the precise measurement of VAT and SAT using CT, the prospective research design and the ascertainment of mortality through the National Death Index. However, the small sample size and non-representativeness of the sample limit the generalizability of the results. Although we were able to control for self-reported physical activity and alcohol intake, we did not have a measure of overall dietary intake. Future studies should seek to replicate these results using larger, more representative samples of the population.

In conclusion, this study has demonstrated a significant positive association between VAT and all-cause mortality in this sample of white adults. The assessment of VAT should be a priority for the clinical assessment of obesity and related comorbidities.
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###### Baseline characteristics of participants in the PCLS by mortality status at follow-up

                     *Survivors*                  *Decedents*
  ---------------- --------------- -----------------------------------------
  *N*                   1062                          27
  \% Female             54.8                         55.6
  Age (years)        45.8 (12.4)    55.6 (12.0)[a](#t1-fn2){ref-type="fn"}
  BMI (kg m^−2^)     29.7 (5.2)                   29.5 (4.6)
  SAT (cm^2^)       363.5 (152.0)                327.5 (111.7)
  VAT (cm^2^)       132.5 (68.5)    170.2 (90.7)[a](#t1-fn2){ref-type="fn"}

Abbreviations: BMI, body mass index; PCLS, Pennington Center Longitudinal Study; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

*P*\<0.05 between decedents and survivors.

###### HRs (95% CIs)[a](#t2-fn7){ref-type="fn"} for all-cause mortality associated with abdominal VAT and SAT in white participants from the PCLS

                   *SAT*               *VAT*
  --------- ------------------- -------------------
  Model 1           ---          1.46 (1.05--2.05)
  Model 2    0.87 (0.55--1.40)          ---
  Model 3    0.61 (0.35--1.06)   1.72 (1.20--2.47)
  Model 4    0.61 (0.34--1.08)   1.74 (1.17--2.59)
  Model 5    0.59 (0.33--1.07)   1.62 (1.07--2.47)

Abbreviations: CI, confidence interval; HR, hazard ratio; PCLS, Pennington Center Longitudinal Study; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

Model 1: VAT in model; including age, sex and exam year as covariates.

Model 2: SAT in model; including age, sex and exam year as covariates.

Model 3: SAT and VAT in model; including age, sex and exam year as covariates.

Model 4: SAT and VAT in model; including age, sex, exam year, smoking, alcohol consumption and physical activity as covariates.

Model 5: SAT and VAT in model; excluding participants with a history of stroke, heart disease and cancer at baseline and including age, sex, exam year, smoking, alcohol consumption and physical activity as covariates.

HRs are expressed per s.d. of the exposure variable (70.1 cm^2^ for VAT and 151 cm^2^ for SAT).
